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ABSTRACT: Cerebrovascular disease remains a significant public health burden with its greatest impact on
the elderly population. Advances in neuroimaging techniques allow detailed and sophisticated evaluation of
many manifestations of cerebrovascular disease in the brain parenchyma as well as in the intracranial and
extracranial vasculature. These tools continue to contribute to our understanding of the multifactorial
processes that occur in the age-dependent development of cerebrovascular disease. Structural abnormalities
related to vascular disease in the brain and vessels have been well characterized with CT and MRI based
techniques.  We review some of the pathophysiologic mechanisms in the aging brain and cerebral
vasculature and the related structural abnormalities detectable on neuroimaging, including evaluation of
age-related white matter changes, atherosclerosis of the cerebral vasculature, and cerebral infarction. In
addition, newer neuroimaging techniques, such as diffusion tensor imaging, perfusion techniques, and
assessment of cerebrovascular reserve, are also reviewed, as these techniques can detect physiologic
alterations which complement the morphologic changes that cause cerebrovascular disease in the aging
brain.Further investigation of these advanced imaging techniques has potential application to the
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understanding and diagnosis of cerebrovascular disease in the elderly.
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Cerebrovascular disease remains a significant public health
issue worldwide. In the United States, it is estimated that
795,000 Americans have a new or recurrent stroke each
year and there are 7,000,000 Americans who have
previously had a stroke [1]. Cerebrovascular disease is the
3" leading cause of death in the United States, with a
cerebrovascular disease-related death occurring once every
4 minutes [2]. End-organ damage to the brain from
cerebrovascular disease occurs in the form of a stroke or
cerebrovascular accident (CVA) and is defined by the
World Health Organization as a neurological deficit of
cerebrovascular cause that persists beyond 24 hours or is
interrupted by death within 24 hours. Though many
categorization schemes exist for CVAs, one such distinction
is the division of CVAs into underlying ischemic or
hemorrhagic etiologies. Approximately 80% of strokes are

related to ischemic events that can be precipitated by
thrombosis, embolism, or hypoperfusion in a vessel
supplying the brain parenchyma. The other 20% of strokes
are hemorrhagic in etiology and can be due to hypertension
or due to an underlying vascular lesion such as a ruptured
aneurysm or arteriovenous malformation.

There are many modifiable and non-modifiable risk
factors associated with the development of
cerebrovascular disease, many of which are similar to
risk factors for cardiovascular disease and myocardial
infarction. The etiology of cerebrovascular disease is
complex and multifactorial, with hypertension, diabetes,
smoking, and atrial fibrillation identified as well known
potentially modifiable risk factors [3]. While these
predisposing risk factors play a critical role in the
etiology of cerebrovascular disease, several large
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population based cohorts have identified age to be the is associated with adverse outcomes and delayed
single most important risk factor for stroke, as the stroke  recovery after the initial acute cerebrovascular accident
rate more than doubles for men and women for every 10  [5].

years after the age of 55 [1, 4]. Moreover, advanced age

Table 1. Role of different imaging tests in the work-up of cerebrovascular disease in the aging

Detection of acute infarction

Sensitive detection of hemorrhage, particularly important for management of acute
infarction and hemorrhage due to hypertension or amyloid angiopathy

Estimation of brain volume

Rough characterization of white matter volume and leukoaraiosis

Assessment of chronic infarctions

Characterization of structural abnormalities (herniation, mass, etc)

Highly sensitive detection of hyperacute infarction and lacunar infarction

Sensitive detection of hemorrhage

Detailed characterization of leukoaraiosis

Assessment of chronic infarctions

Most specific characterization of structural abnormalities (due to signal dependence
on tissue properties, not x-ray attenuation)

Evaluation of white matter tracts (with DTI)

e  While not as sensitive as angiography, often ability to visualize abnormalities of
vasculature (e.g. internal carotid artery stenosis)

e High-resolution characterization of structural abnormalities of intracranial and
extracranial vasculature

Stenosis

Occlusion

Dissection

Characterization of atherosclerotic plaque (e.g. calcified or non-calcified)

CT examination of soft tissues surrounding vasculature

Characterization of structural abnormalities of intracranial and extracranial
vasculature

Stenosis

Occlusion

Dissection

Characterization of atherosclerotic plaque (including presence or absence of intra-
plague hemorrhage)

e Accurate characterization of degree of arterial stenosis
e No evaluation of soft tissues surrounding vasculature
Invasive, requires arterial catheterization

e In acute infarction, qualitative and quantitative evaluation of cerebral perfusion in
order to estimate regions of:
Core infarction (not salvageable)

e Ischemic penumbra (potentially salvageable areas of hypoperfusion)

e Evaluation of cerebrovascular reserve (CVR)

e In acute infarction, qualitative and quantitative evaluation of cerebral perfusion in
order to estimate regions of:

Core infarction (not salvageable)

Ischemic penumbra (potentially salvageable areas of hypoperfusion)

Evaluation of cerebrovascular reserve (CVR)

Identification of regional blood flow deficits which may precede parenchymal
atrophy, including in Alzheimer’s disease and sub-cortical ischemic vascular
dementia
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Brain damage in stroke is caused by ischemia
resulting in a cascade of events including energy and
sodium-potassium pump failure, increase in intracellular
calcium, depolarization, generation of free radicals,
blood-brain barrier disruption, and apoptosis [6]. As a
result of these mechanisms, there is cellular and
architectural damage of the brain parenchyma. In
addition to a primary hemorrhagic stroke, there can also
be secondary hemorrhagic transformation of ischemic
strokes. The reported incidence of hemorrhagic
transformation varies between 10 and 43% and occurs
because of increased permeability of blood vessels in the
infarcted area, another consequence of the
ischemic/inflammatory cascade described above [6].

Imaging Tools to evaluate Cerebrovascular Disease

Many diagnostic medical tests exist to evaluate and
monitor cerebrovascular disease (Table 1). In recent
decades, with the development and widespread
availability of imaging tests, neuroradiologic evaluation
has become a vital component in the diagnosis,
monitoring, and treatment of patients  with
cerebrovascular disease. Computed tomographic (CT)
and magnetic resonance imaging (MRI) techniques are
tools now available to evaluate cerebrovascular disease
and can document structural abnormalities and
functional impairments that occur in the brain and
cerebral vasculature with aging.

Figure 1. Hemorrhage on noncontrast head CT. Axial CT
image (A) demonstrates hypodensity and loss of gray-white
differentiation in the left middle cerebral artery territory,
consistent with acute-to-subacute infarction, with a focus of
internal  hyperdensity  (arrow), representing hemorrhagic
transformation.  Axial CT image in another patient (B)
demonstrates a left temporooccipital intraparenchymal hematoma
(arrow) and a left hemispheric subdural hematoma (arrowheads).

CT uses X-rays to generate tomographic images or
slices of the body. CT based techniques include non-

contrast CT, CT angiography (CTA), and CT perfusion
(CTP). Non-contrast CT is very sensitive in the detection
of hemorrhage, the presence of which changes the
management of stroke drastically (Figure 1). Immediate
non-contrast computed tomography (CT) scanning of all
patients suspected of having a stroke has been found to
be cost-effective [7] and is the most common imaging
modality used in patients with suspected acute ischemia
in acute stroke management algorithms due to
widespread availability and short acquisition time [8].
Though less sensitive to detect brain parenchymal
pathology than MRI, CT can still assess the degree of
chronic white matter disease (leukoaraiosis) frequently
present in aging individuals and can assess the presence
of chronic infarctions as well (Figure 2).

Figure 2. Leukoaraiosis and Chronic Infarcts on CT and MRI.
Non-contrast axial head CT (A) and axial T2 FLAIR MR (B)
images demonstrating advanced chronic white matter ischemia
(arrowheads) and left frontotemporal (short arrows), right frontal
(long arrows), and right parietal (angled arrows) chronic
infarctions.

CT angiography (CTA) involves thin section arterial
phase CT images acquired after the administration of
intravenous iodinated contrast. In the context of
cerebrovascular disease, CTA is a highly valuable
technique for assessing structural abnormalities of the
intracranial and  extracranial  cerebrovasculature.
Common uses in clinical practice included the
assessment of vessel stenosis, occlusion, or dissection
(Figure 3) and the characterization of other structural
abnormalities such as aneurysms or arteriovenous
malformations. Unlike catheter angiography techniques,
CTA also allows visualization of the vessel walls and
adjacent soft tissues.

CT perfusion (CTP) allows qualitative and
quantitative  evaluation of  cerebral  perfusion
bygenerating parametric maps of cerebral blood volume
(CBV), cerebral blood flow (CBF), and mean transit
time (MTT)[7].This can be used to assist in estimating
the region of core infarction andthe adjacent or
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surrounding areas  of

potentially

salvageable

hypoperfusion, considered as ischemic penumbra [9].

Figure 3. CT angiogram (CTA) showing stenosis and occlusion. (A) Curved multiplanar reconstruction (MPR) of a CTA of
the neck demonstrates a large partially calcified atherosclerotic plaque resulting in an 80% stenosis of the proximal left internal
carotid artery (arrow). (B) Sagittal maximal intensity projection (MIP) of a CTA of the neck shows complete occlusion of the
proximal right internal carotid artery. The abrupt cutoff of contrast at this level is consistent with vascular dissection.

As non-contrast CT, CTA, and CTP can all be
acquired in less than 5 minutes during a suspected
episode of acute ischemia, the information derived from
these techniques can be considered complementary in
nature. In fact, a comparison of the utility of non-contrast
CT, CTA, and CTP techniques showed that a
combination of CTA and CTP yielded the most accurate
assessment of the occlusion site, infarct core, salvageable
brain tissue, and collateral circulation [10].

MR imaging techniques are useful in further
selecting patients for treatment and in determining
prognosis in acute stroke, and are useful in assessing the
degree of chronic brain parenchymal and vascular
changes in patients with long-standing cerebrovascular
disease. MRI is a technique based on signal emittedby
hydrogen protons in an external magnetic field during
alteration of proton spins by various applied radio-
frequency wave excitations.MR sequences commonly
used in the evaluation of the brain parenchyma in the
context of acutestroke include T1-weighted, T2-
weighted, T2-weighted fluid attenuated inversion
recovery (FLAIR), gradient echo (GRE), susceptibility
weighted (SWI), diffusion-weighted imaging (DWI), and
perfusion-weighted imaging (PWI). MR angiography
(MRA) techniques are also valuable methods of
evaluating the intracranial and extracranial vasculature
for stenosis or occlusion, hallmarks of atherosclerotic or
thromboembolic disease.

T2 weighted FLAIR images are highly sensitive in
the detection of chronic ischemic white matter changes
and can characterize the extent of abnormal brain

parenchyma significantly more accurately than non
contrast CT techniques (Figures 4 and 5). DWI identifies
cytotoxic edema and has been shown to be significantly
more accurate than non-contrast CT (Figure 6) in the
diagnosis of acute ischemic stroke within 12 hours of
symptom onset [11], and even as soon as 5 to 10 minutes
after an acute stroke has occurred [12]. With non-
contrast head CT, on the other hand, the earliest and
most subtle imaging signs of cerebral infarction, such as
blurring of the gray-white differentiation, are rarely
apparent before three hours after symptom onset in an
ischemic stroke.

Figure 4. Leukoaraiosis on CT versus MRI. Leukoaraiosis in
the same patient on CT (A), seen as multifocal patchy
hypodensities in the periventricular and subcortical white matter
(arrows), and MR (B), much more clearly demonstrated as foci
and patches of hyperintensity on T2 FLAIRimage (arrows). The
differences in the shape of the skull and lateral ventricles are
due to the difference in scan angle; the CT gantry is tilted to
reduce radiation dose to the orbit.
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Figure 5. Degree of leukoaraiosis on MR. Axial T2 FLAIR images demonstrate
normal white matter (a), as well as minimal (b), mild (c), moderate (d), and severe
(e) leukoaraiosis (representative areas of abnormal signal intensity depicted by

arrows).

Aging and incidence of cerebrovascular disease

Though there are many risk factors for
cerebrovascular disease, the strongest independent risk is
advanced age [13, 14]. Aging has been found to be
associated with poorer outcomes in patients suffering
from stroke. Older stroke patients perform more poorly
at activities of daily living compared to younger patients
thereby  more  likely  necessitating  long-term
rehabilitation services rather than discharge to home
[15]. Moreover, advanced age has been associated with
increased rates of subsequent dementia among surviving
stroke patients [16]. As stroke and cerebrovascular
disease in general are associated with aging, the elevated
risk associated with advanced age may be directly
related to the biological aging of the vascular system.

Aging and Blood Vessels

Though a detailed discussion of the complex and
multifactorial biochemical mechanisms underlying age-
related vascular changes are beyond the scope of this
paper, some of these proposed mechanisms included
medial degeneration, endothelial dysfunction due to
deposition of advanced glycation end products, calcium
deposition, oxidative stress, and the repetitive trauma of
longstanding pulsation. These factors can together
contribute to senescence of endothelial cells and smooth

muscle cell hypertrophy.This in turn may result in
increased stiffness and reduced flow mediated dilation,
particularly of the large arteries with resulting increased
transmitted systolic blood pressure, pulse pressure, and
pulse wave velocity [17].

The increase in arterial stiffness with aging can
compromise the cushioning effect that large arteries
normally have in absorbing the pulsatile energy
transmitted from the heart. When this pulsatile energy is
not appropriately absorbed, there is resulting injury to
microcirculation of end-organs such as the brain[18].
Furthermore, aortic pulse wave velocity, a measure of
arterial stiffness, has been found to be an independent
predictor of stroke [19]. Increased systolic hypertension,
another indicator of arterial stiffness, is associated with a
3-fold increase in risk of stroke [17]. Therefore, aging of
blood wvessels is intimately associated  with
cerebrovascular disease.

In addition to arterial stiffening with aging, there can
also be focal areas of narrowing as a result of
atherosclerosis. Carotid artery stenosis is narrowing of
the major arteries supplying blood to the brain with
approximately 25-30% of ischemic strokes attributable
to atherosclerosis of the carotid arteries [20]. The
prevalence of carotid artery stenosis 50% or greater
increases with age, with prevalence data demonstrating
an increase from 1% in people aged 50-59 to as high as
10% in people older than 70[21].
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Figure 6. Hyperacute stroke on MR. Axial diffusion-
weighted image (DWI) and apparent diffusion coefficient
(ADC) map (A and B, respectively) show DWI hyperintensity
and ADC hypointensity, consistent with restricted diffusion
caused by acute infarction involving the left middle cerebral
artery territory.

Imaging modalities used to evaluate carotid stenosis
include gray-scale and color Doppler ultrasound, MRA,
CTA, and catheter angiography (digital subtraction
angiography or DSA). Gray-scale and color Doppler
ultrasound together allow the evaluation of both
structural and physiologic manifestations of vessel
disease byimaging plaque in the vessel wall causing
stenosis and detecting areas of abnormal blood
flowsecondary to the hemodynamic alterations caused by
vessel stenosis or occlusion [22].  Limitations of
ultrasound include acoustic shadowing from calcified
plaque and inability to evaluate the carotid arteries
beyond the angle of the jaw due to poor acoustic
windows that cannot provide visualization of the vessel
[23].

MRA of the neck can be performed with or without
contrast (Figure 7). The advantages of both types of
MRA include lack of ionizing radiation and lack of
exposure to iodinated contrast that occur in CT
techniques [23]. Contrast-enhanced and non-contrast
MRA neck techniques both have similar sensitivities and
specificities in detecting carotid stenosis compared to
DSA as a gold standard (average sensitivities 90% and
88% and specificities 77% and 75% respectively) [24].
Noncontrast MRA is limited by its susceptibility to
image degradation by turbulence and slow flow.
Contrast MRA, which is less likely to be limited by
turbulent or slow flow, has been reported to slightly
overestimate the degree of stenosis compared to DSA
[23].

CTA is also noninvasive like MRA. It exposes the
patient to ionizing radiation and iodinated contrast but
has better spatial resolution and is less susceptible to
flow-related artifacts than MRA [23]. One study found
that the sensitivity and specificity for detection of a 70%
to 99% carotid stenosis with CTA were 85% and 93%,

respectively [24], compared to DSA. DSA, as mentioned
before, is the reference standard in assessing the
vasculature and is rarely used in detecting carotid
stenosis except when noninvasive methods are not
sufficient given its higher risks associated with arterial
puncture and catheterization as well as higher patient
radiation dose exposures [23].

Besides carotid stenosis in the neck, intracranial
atherosclerosis also plays a major role in ischemic
stroke. In a study of 4157 patients with stroke or
transient ischemic attacks (TIA), 6.5 % of patients had
stenosis in their intracranial vessels [25]. Intracranial
atherosclerosis is associated with increasing age, with an
overall prevalence of over 80% in patients with mean
age of 70 years in one study [26]. As is the case of
carotid stenosis in the neck, MRA, CTA, DSA, and, in
this case, transcranial Doppler (TCD), can also be used
to detect and evaluate intracranial atherosclerosis [27].
CTA in particular has been described as a highly
accurate test in characterizing intracranial stenosis, with
a recent study demonstrating that when compared to the
gold standard of DSA, CTA detected large arterial
occlusion with 100% sensitivity and specificity, and in
cases of greater than 50% arterial stenosis, detected the
vascular stenosis with a 97.1% sensitivity and 99.5%
specificity [28].

Historically, vascular imaging has focused on the
degree of structural luminal narrowing, often used as a
surrogate for plaque size. Recent advances in
neuroimaging have focused on evaluation of the
propensity for plaque rupture, which is a
pathophysiologic hallmark of atherosclerotic disease and
one of the critical events in vascular thromboembolic
disease.For example, recent advances in contrast MRA
can reliably evaluate the thickness of the fibrous cap of
the plaque, which enhances, and if thinned, can indicate
higher probability of rupture. MRA can also identify
intra-plaque hemorrhage, another marker that has been
associated with development of unstable plaque and
resultant symptomatic cerebrovascular disease [29]. It
has been recently hypothesized that plaque stability
decreases with age, as patients undergoing carotid
stenting for atheromatous carotid disease have increased
risk of periprocedural plaque rupture and subsequent
cerebrovascular events [30]. Pathologic evaluation of
atherosclerotic plaques from patients undergoing carotid
endarterectomy demonstrated that the histologic features
of unstable plagues were more commonly seen in
samples taken from elderly patients; plaques harvested
from older patients with carotid stenosis demonstrated
low smooth muscle content, high numbers of large lipid
cores, and larger amounts of calcium deposition [30].
Thus, MR characterization of plaque morphology is an
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emerging area in the
cerebrovascular disease.

imaging of age-related

¢/

Figure 7. Carotid Stenosis on Contrast Enhanced MRA. MR
angiography with contrast demonstrates moderate stenosis of the
proximal left internal carotid artery due to an ulcerated
atherosclerotic plaque (arrow).

Small vessel cerebrovascular disease

Small vessel infarctions, also referred to as
“lacunar” infarctions, are focal areas of ischemia
measuring less than 15 mm in the territory supplied by a
small penetrating artery [31]. White matter CT or MRI
ischemic abnormalities, also known as leukoaraiosis, are
thought to be a marker for the presence of small vessel
infarctions [32, 33]. The distinction between very small
lacunar infarctions and chronic small vessel ischemic
change on imaging studies can be challenging with both
representing related but distinct entities along a
continuous  spectrum  of microvascular  disease.
Commonly identified white matter abnormalities are
thought to represent the end result of cerebral small
vessel disease and have been found to be increased in
prevalence with age in large population based studies
[34]. Reported prevalence of leukoaraiosis in the
elderly ranges up to 90% [35], with the prevalence and
severity of leukoaraiosis significantly correlated with age
[36]. Interestingly, the presence of leukoaraiosis tends to
be associated with the presence of fatty plaques, and not

with calcified or mixed plaques [36]. While age is the
strongest risk factor for leukoaraiosis, common vascular
risk factors of systemic hypertension and smoking are
also strongly associated with leukoaraiosis in age-
controlled analyses [34]. Thus, biochemical aging of
the wvascular system in both vasculopathic and
chronologically aged individuals is a probable
pathophysiologic mediator of white matter disease.
Leukoaraiosis can occur in different forms ranging
from punctate lesions to patchy areas to confluent white
matter abnormality. Leukoaraiosis has previously been
classified by location into two classes: periventricular or
adjacent to the ventricles, and deep, located away from
the ventricle in the subcortical white matter [37]. Given
the confluence of signal abnormality in advanced
leukoaraiosis, the distinction between these regions of
signal abnormality is somewhat arbitrary [37]. Other
schemes have been used to try to classify white matter
abnormalities. For example, one study distinguished
periventricular and deep lesions based on distance from
the ventricles with 1 cm being the cutoff [38]. Another
study’s classification scheme takes into account the size
of the lesion and the location in order to distinguish the
two types of lesions [39]. However, despite multiple
attempts at systematic characterization of age-related
small vessel ischemic change on neuroimaging studies,
no real consensus exists with regards to its classification.
As mentioned, risk factors for small vessel
infarctions and leukoaraiosis identified in most
epidemiologic studies are similar to those for
cerebrovascular disease in general and include aging,
hypertension,  diabetes, hypercholesterolemia and
cigarette smoking [40]. However, given the varying
prevalence reported in numerous studies, it has been
hypothesized that at least a subset of small vessel
infarctions may represent the wvariable phenotypic
manifestation of a unique genetic disorder or set of
disorders with variable penetrance or expressivity, and,
subsequently, variable functional severity[31] . For
example, the presence of small vessel infarctions was
associated with lower scores on tests of cognitive
function and subjective mental decline in one study [19].
Another study found that in addition to being associated
with declining episodic memory and executive function,
white matter abnormalities significantly increased over
time implying progression of white matter abnormalities
detectable on neuroimaging studies may in part parallel
the cognitive decline associated with aging [41].
Interestingly, diffusion weighted imaging (DWI), an
MR based imaging technique commonly used in the
setting of acute ischemia to detect regions of restricted
Brownian motion of water molecules in ischemic brain
parenchyma, has been used to characterize white matter
lesions in leukoaraiosis. In a study comparing patients
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with leukoaraiosis with normal controls as well as
patients with infarctions of varying ages, diffusion
coefficients in white matter lesions were similar to those
of early chronic ischemia (approximately one month
old); moreover, the degree of diffusion restriction
reflected the severity of leukoaraiosis [42]. In fact,
patients with restricted diffusion consistent with acute
infarction had higher levels of leukoaraiosis than those
with  transient ischemia without radiographically
detectable infarction, suggesting that leukoaraiosis may
be reflective of a deficiency of cerebrovascular “fitness.”
[43].

Diffusion tensor imaging (DTI), a spin-echo-echo-
planar imaging sequence commonly used to evaluate
white matter tract integrity through the principle of
anisotropic movement of water molecules along intact

tracts, has also been employed to evaluate changes to
white matter tracts as a result of ischemic leukoaraiosis.
Areas of leukoaraiosis demonstrated decreased
anisotropy in comparison to healthy brain parenchyma in
age matched controls [44]. A study evaluating white
matter tracts across a wide age range in phenotypically
normal individuals determined that particular white
matter tracts are prone to age-related decline, particularly
in the frontal white matter, corpus callosum, and
posterior limb of the internal capsule, suggesting that
leukoaraiosis may be a more severe manifestation of age
related decline [45]. Moreover, DTl may have potential
utility in identifying individuals at risk of functional
decline from age, genetic, or lifestyle-associated

cerebrovascular senescence.

Figure 8. Impairment of cerebrovascular reserve. Acetazolamide challenged CT perfusion study. Pre-acetazolamide CBF
image is shown in (A) and post-acetazolamide CBF image in (B). There is a severe left middle cerebral artery (LMCA) stenosis.
As a consequence there is reduced CBF in the LMCA territory on the baseline image (arrows in panel A). After acetazolamide
challenge, there is a normal response, increase in CBF, to acetazolamide on the right side (solid arrows in panel B). The LMCA
territory (dashed arrows in in panel B) demonstrates "misery perfusion” in which the CBF further reduces because of impaired

CVR.
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Functional and Physiologic Neuroimaging

Physiologic or functional neuroimaging is an
emerging field within the imaging sciences which
attempts to combine spatial and morphologic
assessments with real-time evaluation of physiologic
function. Perfusion imaging and functional MRI (fMRI)
are two such imaging modalities, with particular utility
in the determination of local cerebrovascular
hemodynamics and metabolic activity, respectively.
Perfusion imaging techniques are an active area of
investigation, as studies using this imaging modality
have generated numerous insights in the diagnosis and
staging of cerebrovascular disease. For example, the
age-dependent association of stroke and leukoaraiosis
may in part be related to decreased cerebral blood flow
(CBF) associated with chronologic aging. CTP-derived
CBF is independently associated with white matter
disease severity [46]. Similar advanced MRI studies
confirm that quantification of brain abnormality with
advanced techniques may lend insights into small vessel
disease which are not detectable on conventional,
structural MRI [47].

Perfusion MRI assessments in healthy cognitively
intact individuals across the age span have demonstrated
decreases in both total and regional blood flow [48, 49].
Interestingly, the regional blood flow deficits identified
on arterial spin labeling perfusion MRI were independent
of cortical thickness in the associated vascular territory,
suggesting that the age-related perfusion deficits may
either precede parenchymal atrophy, or may represent a
distinct aging hallmark [49]. While there is no consensus
as to the specific sites of regional cerebral blood flow
derangements that occur with aging, the same study
demonstrated that the majority of age-related perfusion
deficits were cortical, and that the sub-cortical
parenchyma was relatively spared.

Epidemiologic evidence associating dementia and
cognitive decline with cardiovascular risk factors has led
to further inquiry into the role of age-related perfusion
deficits in patients with dementia. A study comparing
regional cerebral perfusion in symptomatic Alzheimer’s
disease (AD) and sub-cortical ischemic vascular
dementia (SIVD) to age-matched cognitively intact
patients found that patients with AD and SIVD had
marked CBF reductions in the frontal and parietal
cortices, independent of parenchymal volume [50].
Interestingly SIVD patients with severe leukoaraiosis
showed reduced frontal CBF as well as cortical atrophy
in the frontal and parietal lobes.

Thus, the advent of perfusion imaging has led to a
further understanding of cerebrovascular physiology in
the progression of neurologic disease, as functional
perfusion deficits may often precede structural

abnormalities currently associated with disease. The
variable  severity  of  cerebrovascular  disease
manifestation in elderly patients has generated interest in
understanding predictors of resilience of the vascular
tree, or cerebrovascular reserve (CVR) as often
described in the literature. CVR is a term used to
describe the capacity of the brain to maintain adequate
cerebral blood flow in the setting of decreased perfusion
pressure or decreased incoming blood volume. CVR can
be evaluated by a number of functional imaging
techniques [51], with the general principle requiring
measurements of cerebral blood flow at baseline and
after a vasodilatory challenge such as increased CO2
inhalation ~ or  pharmacologic  challenge  with
acetazolamide. Reduced or no increase in CBF after such
a vasodilatory challenge implies exhaustion of the
cerebrovascular reserve and has been associated with an
increased risk of stroke or TIA in a number of
prospective studies [52-55]. TCD has been long used as
surrogate marker of CVR, with changes in MCA velocity
after vasodilatory stimulus (proportional to a patient’s
CVR) [56]. More recent techniques have utilized tissue
level perfusion measures such as nuclear medicine flow
studies [57, 58] as well as CT and MRI perfusion before
and after a vasodilatory stimulus (Figure 8).

A variable decline in CVR with respect to CBF
could be an important mediator in the development of
symptomatic cognitive impairment and dementia with
age. A study evaluating the role of cardiovascular risk
factors in the progression from mild cognitive
impairment (MCI) to AD determined that both carotid
intima-media thickness (CIMT) and impaired CVR to
hypercapnia (Breath-Holding Test-BHT) were associated
with greater odds of developing Alzheimer’s disease at
12 months by neuropsychological testing criteria[59].
Interestingly, an impaired BHT was associated with
greater odds of developing dementia than CIMT. When
both were present, there was a four-fold increased
incidence of dementia in comparison to normal controls.
This suggests that decreased CBF associated with
proximal vessel stenosis and impaired CVR as measured
by hypercapneic reactivity may be two independent risk
factors in the development of cerebrovascular disease.

It has been hypothesized that symptomatic cognitive
impairment in diseases such as AD may be related to a
sequential course of events that begins with chronically
reduced CBF that results in mitochondrial dysfunction
and  oxidative stress, particularly  within  the
cerebrovascular endothelium. The resulting impairment
in vasodilatory function often precedes the onset of
symptomatic functional deficits, which may represent the
manifestation of neuronal and vascular senescence and
apoptosis [60]. There is some suggestion that the
hypoperfusion-induced microvascular damage may
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actually initiate the mitochondrial derangements
identified in patients with Alzheimer’s disease [60]. A
study investigating relative cerebral blood flow (rCBF),
CVR, leukoaraiosis, and dementia in hypertensive
patients found that the rCBF in hypertensive patients
without dementia did not decrease when compared with
the normotensive controls, but the rCBF in hypertensive
patients with dementia markedly decreased in the
cerebral cortices and white matter. On the other hand,
CVR in response to hypercapnia declined with the
severity of leukoaraiosis, and it decreased most severely
in patients with severe leukoaraiosis and dementia.
These findings suggest a relationship between
cerebrovascular endothelial function measured by CVR
and structural manifestations measured by leukoaraiosis
in hypertensive patients. Additionally, the findings
demonstrate that reduced CVR was associated with
dementia in hypertensive patients despite the presence of
leukoaraiosis, suggesting that the processes are related
but distinct manifestations of cerebrovascular disease,
with CVR ultimately related to symptomatic disease
[61]. In fact, among patients with known AD, impaired
CVR at baseline was associated with the greatest
cognitive decline at 12 months along with age and
diabetes; however, in multivariate analysis, impaired
CVR emerged as the lone significant predictor of severe
cognitive decline [62].

Thus, while the CVR impairment in Alzheimer’s
disease has significant overlap with cardiovascular
disease and age-associated endothelial senescence, there
is evidence to suggest that it may represent a pathologic
entity unique to the disease. A study comparing vascular
profiles of AD patients and age-matched controls
demonstrated widespread reduction inCVR in the rostral
brain including prefrontal, anterior cingulate, and insular
cortices that could not be explained by cardiovascular
risk factors [60]. Most notably, the spatial distribution of
the CVR deficits differed drastically fromthe regions of
CBF deficits, which were found in temporaland parietal
cortices. Consistent with prior studies, individuals with
greater CVR deficit tended to have a significantly greater
volume of leukoaraiosis. These data demonstrated that
early AD subjects have evidence of significant forebrain
CVR deficits that, while differing from CBF findings,
appear to spatially mimic the sites of pathologic and
radiographic amyloid deposition [63]. It should be noted
however, that further investigation is necessary to
characterize the complex interaction between chronic
cerebrovascular disease and cognitive decline, as other
studies have shown that brain structural changes such as
caudate atrophy may have a greater association with
cognitive decline relative to other imaging-based metrics
assessing cerebrovascular disease such as periventricular
white matter signal [64]. Future neuroimaging research

should continue to elucidate the complex interplay
between chronic cerebrovascular disease and its role in
the progression of cognitive decline and dementia.

Conclusion

Recent advances in medical imaging allow detailed and
sophisticated evaluation of the brain and intracranial and
extracranial vasculature.  These tools continue to
contribute to our understanding of the multifactorial
processes that occur in the aging brain. Continued
investigation, especially with newer functional and
physiologic imaging techniques, will continue to aid in
elucidating the pathophysiologic basis of age-related
changes in the brain.
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